The goal of this analysis was to evaluate energy and cost requirements for different configurations of a rainwater harvesting (RWH) system in conjunction with a solar PV and energy storage system for an off-grid house. Using models in fluid mechanics, we evaluated energy and power requirements for four different system configurations: 1. An On-Demand System containing a single speed pump (OD-SS), 2. An On-Demand System containing a variable speed pump (OD-VS), 3. A Pressurized Storage System where water is pumped once during the day into a large pressurized tank for later consumption and treated on demand via UV light (PS-AOT), and 4. A Pressurized Storage System where water is treated once per day via UV light and then stored for later consumption (PS-TO). Our analysis showed that the OD-SS system model requires 2.63 kWh per day, the OD-VS system model requires a total energy of 1.65 kWh per day, and the PS-AOT requires 1.67-1.69 kWh per day depending on the pump size, and the PS-TO system requires 0.19-0.36 kWh per day depending on the pump size. When comparing estimated cost between systems, we found the OD-SS system to be the most expensive. With the OD-SS system as a base for system costs, we found the OD-VS system to be 39% less expensive, the PS-AOT system to be 21% less expensive, and the PS-TO system to be 60% less expensive than the base OD-SS system.
Introduction
Increasing water scarcity around the U.S. and the world has sparked interest in alternative water supplies and auxiliary water systems, including rainwater harvesting (RWH) for both potable and non-potable use [1] . Improvements in design standards of first flush diverters, ceramic filters, and pressurized storage tanks have enabled the use of RWH systems as supplemental sources for irrigation and even drinking water. Emerging technologies such as UV light treatment has made harvested rainwater a viable source for potable residential water supply [2] .
A reliable potable water system is a critical component of modern living. For homeowners with off-grid houses, providing reliable potable water also requires a reliable electricity supply to run the pump(s) and treatment system. According to the Environmental Protection Agency, approximately 15% of Americans rely on private water wells for drinking water [3] . Over the next 50 years, we might see more off-grid residents building PV-powered (or solar powered) water systems around the world.
When it comes to designing PV-powered off-grid water systems, there is the question of how much power and energy are required to treat and deliver pressurized water for use throughout the day and night. These variables are important because they impact the sizing of the PV array and battery storage, both of which can be expensive. This work is motivated by the idea that water storage, which is typically affordable, could serve as a proxy for battery storage, thereby reducing overall costs. Batteries, while coming down in price, are still a major cost for off-grid systems. This paper aims to answer the question: Can altering the configuration of an off-grid rainwater system save energy and reduce system power demand while lowering the cost of an off-grid system?
There have been several studies relating energy requirements and RWH systems. For example, studies have looked into how residential and commercial RWH systems compare in energy intensity with conventional town water supply systems, and how startup energy can contribute to higher than anticipated energy requirements [4, 5] . In addition, there have been studies on the life cycle analyses of the operational energy contribution for RWH systems and how this affects CO 2 emissions [6] . However, to the best of our knowledge, there has not been a published comparison of energy requirements between RWH system configurations that feature a single speed pump, a variable speed pump, and that utilize pressurized storage.
Materials and Methods

Background
A key benchmark for this work is the volume of water required for an average residential home, or how much water an average home consumes and therefore how much water must be stored, pumped and treated. In 2016, the Water Research Foundation released a comprehensive Residential End Uses of Water Report [7] , which analyzed flow traces from 762 homes across the US and Canada. Each home was monitored for two weeks (at different times of the year) for all water events (indoor events, outdoor events, leaks, etc.) Using the programming language Python and the raw data from 756 home's water meter monitoring (the data for six homes were not usable), we were able to calculate average volume of water consumed per hour and average duration of use per hour for our analysis in 2017. From this dataset, we concluded that for our analysis a conservative daily use estimate was 146 gallons (or 553 L) per home per day (when only considering toilet, faucet, shower, bathtub, washing machine and dishwasher events).
The system designs presented here are based on those found in the Texas Manual on Rainwater Harvesting [2] . Necessary potable rainwater system components include: inlet debris screens, first flush diverter, large storage cistern, pump, microfilters, and a final water treatment step to sterilize the water.
When exploring water treatment options, prior research found most potable rainwater systems were designed with UV-light treatment. In a survey conducted by the University of Texas at Austin of 222 residential rainwater harvesting systems across the US, it was found that over 70% of those who collected rainwater for potable use utilized ultraviolet (UV) light as their primary treatment method [1] . Although other treatment methods exist (reverse osmosis, and chlorination for example [1]), we modeled our system with UV-light treatment because it is most common, and UV treatment power and energy demands were simplest to model while providing water quality matching typical city standards [2] . For modeling purposes, we chose to use the Viqua VH410 60W lamp (Guelph, ON, Canada) because the specifications state that this UV lamp can meet the NSF/ASNI 55 Class A dosing standards at flow rates of 14 gallons per minute (or 54 L per minute) [8, 9] . This flow rate exceeds expected instantaneous flow rates for indoor use, according to the residential water usage data from the study conducted by the Water Research Foundation [7] .
System Designs
For this work, we considered four system designs: (1) an On-Demand System based on empirical data using a single speed pump (OD-SS), (2) an On-Demand System using a variable speed pump (OD-VS), (3) a Pressurized Storage System where water is treated on demand and the UV light is Water 2018, 10, 1024 3 of 24 always on (PS-AOT) and (4) a Pressurized Storage System where water is treated once per day then stored for later consumption (PS-TO). Each of these systems is described in detail below.
On-Demand (OD) Systems
In these systems, water is collected off the catchment surface, and passes through one or more debris screens and a 'first-flush diverter' on its way to the primary storage tank. The primary storage is a large cistern that holds untreated harvested rainwater for eventual use. When a fixture in the home is in operation, water is pumped from the cistern through a filtration system, through a small pressure tank, through the inline UV treatment system, and finally to fixture delivery. The notional system is powered by electricity directly from solar photovoltaic (PV) panels when it is sunny enough to produce sufficient power, and from the battery during times of insufficient solar production. The battery is sized to provide the total amount of energy required by the pump and treatment system during non-solar producing hours (i.e., non-daylight and twilight hours). The pump is connected to a pressure switch that activates when the water pressure drops below a certain threshold, and the small pressure tank is used to keep the pump from short-cycling at low flow rates (i.e., the pump still starts for almost every water usage event). See Figure 1 below:
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The On-Demand Systems Design consists of standard collection and treatment systems [2] , with a pump (variable or single speed) that is powered by a PV and battery system, and a pressure control switch to activate it when water is used in the house.
Pressurized Water Storage (PS) Systems
For the PS systems, we considered two scenarios: (1) treating water on-demand, and (2) treating water once per day. As in the On-Demand systems described above, water collected off the catchment surface passes through a 'first-flush diverter' then is stored in the cistern. During daylight hours, water is pumped via solar power from the cistern through a series of filters and into a large pressurized tank. For System A, a UV light is attached (powered by a battery) to the disposal end of the pressurized tank so water is treated on-demand with the UV light always on (PS-AOT). For System B, the UV light is only on while water is being pumped during the day (or treated once), using solar energy (PS-TO). The UV light can be powered by PV during times of sufficient PV production, just like the pumps. The System B configuration might be one where UV is used in Figure 1 . Overall schematic of on-demand systems, (a) on-demand system using a single speed pump (OD-SS), (b) on-demand system using a variable speed pump (OD-VS).
For the PS systems, we considered two scenarios: (1) treating water on-demand, and (2) treating water once per day. As in the On-Demand systems described above, water collected off the catchment surface passes through a 'first-flush diverter' then is stored in the cistern. During daylight hours, water is pumped via solar power from the cistern through a series of filters and into a large pressurized tank. For System A, a UV light is attached (powered by a battery) to the disposal end of the pressurized tank so water is treated on-demand with the UV light always on (PS-AOT). For System B, the UV light is only on while water is being pumped during the day (or treated once), using solar energy (PS-TO). The UV light can be powered by PV during times of sufficient PV production, just like the pumps. The System B configuration might be one where UV is used in conjunction with a chlorine dosing system such that water is dosed with sufficient treatment so that any residual water is sterilized. See Figure 2a, conjunction with a chlorine dosing system such that water is dosed with sufficient treatment so that any residual water is sterilized. See Figure 2a ,b below. Figure 2 . (a) PS-AOT System. In this system, water is stored in a large pressurized tank with the UV lamp located at the disposal end of the tank for on-demand treatment; (b) PS-TO System. In this system, water is pumped and treated simultaneously during daylight hours. Chlorine treatment is added to sterilize residual water before it goes to a fixture for consumption.
Our goal in comparing the PS-AOT system with the PS-TO system was to observe the impaction on capacity and size of the system when the UV lamp is only in operation once per day. Because of this, we anticipated seeing great energy savings in the PS-TO system, which is discussed later in the results section.
Residential Water Use Data Analysis
For our analysis, we used data from The Residential End Uses of Water in 2016 (REU2016 for short), which featured flow trace water meter data from 762 homes across the continental US [7] . For each home, a data point was taken every 10 s for two consecutive weeks [7] . A data set was then Figure 2 . (a) PS-AOT System. In this system, water is stored in a large pressurized tank with the UV lamp located at the disposal end of the tank for on-demand treatment; (b) PS-TO System. In this system, water is pumped and treated simultaneously during daylight hours. Chlorine treatment is added to sterilize residual water before it goes to a fixture for consumption.
Our goal in comparing the PS-AOT system with the PS-TO system was to observe the impaction on capacity and size of the system when the UV lamp is only in operation once per day. Because of this, we anticipated seeing great energy savings in the PS-TO system, which is discussed later in the results section. 
For our analysis, we used data from The Residential End Uses of Water in 2016 (REU2016 for short), which featured flow trace water meter data from 762 homes across the continental US [7] . For each home, a data point was taken every 10 s for two consecutive weeks [7] . A data set was then compiled featuring the anonymous house code, time stamp, event, duration, peak and average volume, for each water event, for two weeks. For our analysis, we reduced this original data set to only indoor events (toilets, showers, bathtubs, faucets, dishwashers and clothes washers) using Python. We found that when considering outdoor events, water consumption could exceed thousands of gallons per day. As such, we felt it would be more representative of typical water usage to only consider indoor events (see Supplemental Material for more information on Python Code). We further reduced the data set in Microsoft Excel with the Filter Tool by removing obvious outlier data (i.e., toilet events exceeding 100 gallons, or faucet events with durations longer than 60 min). To identify an appropriate volume range for events, we used the Home Water Works data as a reference to set our parameters for identifying outlier data points [10] .
With this reduced data set, the mean average volume, duration and event count per hour were found. The average volume and duration per hour were used to calculate an average flow rate (Q) per hour to apply to a hydraulic pump power equation [11] . Using the event count average (ECA), the frequency a pump was operated could be calculated to estimate pump startup energy. To find the average total daily volume, the average volume of water per hour was added for all hours, finding a total daily volume of 146 gallons (see Table A1 in Appendix A for these calculations).
It should be noted that all of the homes in the REU 2016 dataset were using municipally supplied water [7] . Therefore, it is possible that consumers were less conscientious about their water use since they did not have to store, treat, and pressurize their own water. Thus, consumption from this study is likely higher than a study with consumers who rely on an inherently limited water supply, for example from a backyard well. Therefore, the REU 2016 profile serves as a useful, conservative estimate for consumption in this initial analysis.
Modeling
On-Demand Systems Energy Modeling
For On-Demand systems, we considered two cases, one featuring a single-speed pump (OD-SS) that uses a constant steady state power rating regardless of the flow rate, and one featuring a variable-speed pump (OD-VS) that can alter power consumption based on flow rate. For the single-speed pump system, we gathered empirical data from a Grundfos MQ3-35B well pump (typically used in RWH systems [2] ) (Downers Grove, IL, USA) to model startup and steady state power.
Empirical On-Demand Model (OD-SS)
For this model, we used the Grundfos pump empirical data that we gathered by turning on a MQ3-35B well pump five consecutive times while measuring the voltage and current required to turn the pump on and to reach steady state (see Table A2 for raw data). We considered the steady state power of the pump to be the steady state current of 2.6 A (seen in all five trials) multiplied by the measured voltage (213.7 V). This model approximates using a single-speed pump, which runs at full power when on, regardless of the actual flow rate demand. This setup is most common [2] , as variable speed/constant supply pressure pumps are generally more expensive or are not as readily available as single speed pumps for small-scale residential water systems.
To calculate the startup energy, we summed the products of the current, voltage and time duration approaching the steady state current for all five trials, as shown in Equation (1), or:
(I n × ∆t n × V), where n = when I is 2.6 A.
(1)
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To calculate the startup energy for each hour, we multiplied the average start up energy by the event count average (of number of times the pump was turned on) determined by the REU2016 data [7] , or:
Using our empirical data from the Grundfos pump, we considered Pump Steady State Power to be simply the steady state current multiplied by the voltage, as shown in Equation (3), or:
To find the hourly energy, we multiplied the Pump Steady State Power by the average duration (or duration the pump was in use), summed with the pump startup energy multiplied by the event count average, and finally added to the UV lamp energy (run on battery power), as shown in Equations (4) and (5) below. The parameters for Equations (4) and (5) are defined in Table 1 , along with their values and units. The nighttime energy use was divided by the battery round-trip efficiency because the system would be running on a battery, and incurring the energy penalty of the charge/discharge conversion. A battery round-trip efficiency (η battery ) of 0.89 was chosen based on the Tesla Powerwall 2 (Palo Alto, CA, USA) [12] : To calculate total daily energy, we simply summed the calculated energies per hour for each hour from 1:00 a.m. to midnight, using Equation (4) for daylight hours and Equation (5) for nighttime hours.
Daylight hours were considered to be 8:00 a.m. to 4:00 p.m., or the number of daylight hours on Winter Solstice in Texas [13] subtracting two hours (the hour after sunrise and the hour before sunset) and considering those to be nighttime hours instead. These hours preclude PV generation due to the limited amount of incident radiation.
With these parameters and equations, we found the total daily energy for the OD-SS system to be 2.63 kWh (see Table A3 in Appendix A for the Calculation Table.) 
Variable-Speed Pump Model (OD-VS)
For this system, we considered a variable-speed pump with the ability to alter power consumption based on flow rates. This variable-speed pump model is a simplified first-principles and theoretical model, which doesn't account for real-world factors such as pump oversizing, or constant power consumption despite flow rate. With this, we expected energy requirements to be significantly lower than the empirical model. However, we saw merit in observing energy requirements solely based on the water consumption by the hour. To calculate the steady state pumping power for each hour 'i' (P ss_i ) for the OD-VS system, we used the hydraulic pumping power relationship, shown in Equation (6) [11] , with the flow-dependent total system head (h tot ) defined in Equation (7) [14] The total system head combines the static and flow-dependent frictional pressure by using the variable k, to account for frictional pressure drop due to pipes, fittings and fixtures in the flow path [14] :
where:
for which the variables for this equation are explained in Table 2 . Table 2 . Parameters for Equations (6) and (7) specifying parameter, symbol used, value and units used. To model the dynamic pressure drop, we followed the friction factor model of the square of the flow rate times the friction head loss coefficient, or k = CQ 2 [14] . To calculate the friction head loss coefficient C, we used a rated dynamic pressure drop of 25 m, or k = 25 m, and a rated flow rate of 5 gpm, or Q = 0.000315 m 3 s . Solving for C using these parameters, we found C = 2.51 × 10 8 s 2 m 5 . This pressure head approximates pumping water through a treatment system below the house's finish grade up to the various fixtures at a sufficient pressure.
Parameter
To estimate the efficiency of a variable speed pump, we referred to the Aquatec 550 Series Aquajet Variable Speed Pump 12VDC 5 GPM (gallons per minute) manufacturer data [15] . We felt this pump model would adequately represent a variable speed pump that could handle a whole-home demand, if the users were to have multiple fixtures consuming water at the same time. For example, running a shower, a low-flow toilet, and faucet all running at once, their combined flow rates would be less than five gallons per minute (19 L per minute) [10] .
From the Residential End Uses of Water 2016 study data, we found the average flow rate throughout the day was 1.5 gallons per minute (5.7 L per minute) [7] . Using the Aquatec 550 VS Pump 12VDC 5GPM manufacturer data, we found the power required to run this pump at a 1.5 gpm flow rate was 120 Watts [15] . To solve for pump efficiency, we rearranged the hydraulic pumping power relationship [11] , as seen below in Equation (8) . The parameters for Equation (8) are defined in Table 3 , along with their values and units. With these parameters, we found the pump efficiency for an average flow rate would be 27% for a variable speed pump.
To calculate the total energy consumed per hour, we used the results from Equation (6) and multiplied this by the average duration of use, while adding the energy for UV lamp. For nighttime hours (4:00 p.m. to 8:00 a.m.), this energy was divided by the battery round-trip efficiency, as discussed above. With this, we calculated the hourly energy consumption to be:
The parameters for Equations (9) and (10) are defined in Table 4 below, along with their values and units. To calculate average total daily energy, we summed the calculated energy consumption per hour for each hour from 1:00 a.m. to midnight, using Equation (9) for daylight hours (8:00 a.m. through 4:00 p.m.) and Equation (10) for nighttime hours (between 5:00 p.m. and 7:00 a.m.). With these parameters and equations, we found the total daily power requirements for an OD-VS system was 1.65 kWh per day, for a total daily volume of 146 gallons (553 L) (see Table A4 in Appendix A for Calculation Table. )
Pressurized Storage Power and Energy Modeling
For the Pressurized Storage Systems, we assumed that water would be pumped into the large pressurized tank once a day, during daylight hours, using solar energy. Because water is being pumped once a day, we considered the Pump Startup Energy to be negligible and did not include it in this model. We also assumed that the large pressurized tank would provide sufficient pressure and no additional pumps would be needed for fixture delivery.
For this system type, we considered pump energy requirements for pumping a day's supply of water (146 gallons, or 553 L) within different refill durations (45 min, 1 h and 4 h) using three different sized pumps. The flow rate for this model was defined as the total volume of water (0.55 m 3 ) divided by the refill duration (∆t re f ill ). For this system, we considered the UV Lamp to be always on, 24 h a day, using battery power at night. In this system, the UV Lamp is connected to the disposal end of the large pressurized tank for on-demand treatment of water when moving to a fixture. See Figure 2a above.
To model the pump efficiency we again used Equation (8), along with the power draw, pressure head and flow rate manufacturer data from Seaflo 12V Diaphragm single speed pumps (Freehold, NJ, USA) [16, 17] . The Seaflo 21 Series 12V DC Diaphragm Pump 1.1 GPM Capacity was used to model a small pump with a low flow rate [16] . The Seaflo 52 Series 12V DC Diaphragm Pump 4 GPM Capacity [17] was used to model a medium sized pump with a moderate flow rate. The Seaflo 52 Series 12V DC Diaphragm Pump 5 GPM Capacity [17] was used to model a large pump with a high flow rate. With the manufacturer data from the Seaflo 21 and 52 series pumps, we solved for η pump using Equation (11) below. The parameters for Equation (11) are defined in Table 5 , along with their values and units.
with the following parameters: With Equation (11) and the above parameters, we calculated a pump efficiency value for a small sized pump to be 38%, a medium sized pump to be 42% and a large sized pump to be 43%.
To calculate the Pump Steady State Power, we used a similar equation to that of Equation (6), but with an assigned time interval for flow rate. The assigned time intervals coincided with an assigned pump efficiency to match an appropriate flow rate with an appropriately sized pump. Specifically the 45 min pump time coincided with η pump (large) = 0.43 for a high flow rate, the 1 h pump time coincided with η pump (medium) = 0.42 for a moderate flow rate, and the 4 h pump time coincided with η pump (small) = 0.38 for a low flow rate.
To model static and dynamic pressure drop, we again used a constant value for the static pressure summed with the dynamic pressure drop based on flow rate [14] . We increased the static pressure drop Z 0 to 30 m (42.6 PSI) to account for the loss of pressure in the tank during use. It was assumed the pressure tank would be operating in the range of 30-50 PSI, a typical range for pressure tanks [2] . The pump re-pressurizing the system would be working against a higher static pressure. The higher pressure in the storage tank is necessary to provide sufficient pressure to overcome both static and frictional pressure losses when the tank is nearly empty.
For the dynamic pressure drop k, we again set the friction head loss coefficient C to be 2.51 × 10 8 s 2 m 5
and multiplied this by the flow rate squared. Using these pump efficiencies, we were able to calculate the pump power for the three assigned pump times using Equation (12) below. The parameters for Equation (12) are defined in Table 6 below, along with their values and units.
with the following parameters: Using Equation (12) with the parameters indicated above, we found the pump power requirement for the PS-AOT system ranged from 0.03 to 0.19 kW based on the flow rate and pump size. See Table A5 in Appendix A for Calculations.
Total daily energy, E total_PSAOT (shown in Equation (13)) was then calculated by multiplying the pump steady state power (P ss_PSAOT ) by the assigned time interval (∆t re f ill ) adding the power for the UV lamp (P UV ) multiplied by daytime hours, plus the power for the UV lamp (P UV ) multiplied by nighttime hours, accounting for battery round-trip efficiency (η battery ). Table 7 below defines these variables and the values used for this analysis: With these parameters and equations, we found the total daily energy required for the PS-AOT system to range from 1.67 kWh for the small pump to 1.69 kWh for the large pump, or the average daily energy for PS-AOT system was 1.68 kWh for small, medium and large pumps (see Table A5 in Appendix A for Calculation Table) .
UV Treatment Once per Day (PS-TO)
In the PS-TO system, water is treated prior to entering the large pressurized tank for storage. The UV lamp is then only on during the assigned time interval for pumping the water. See Figure 2b above.
For the PS-TO pump steady state power, we also used the results from Equation (13) . However, for the total daily energy, we reduced the UV lamp energy factor to be powered only during the assigned pump time, as shown in Equation (14) below. The parameters for Equation (14) are defined in Table 8 below, along with their values and units. With these parameters and equations, we found that total energy requirements varied by assigned pump time and pump size from 0.19 kWh per day to 0.36 kWh per day. See Table 9 below: 
Cost Comparison between Systems
For a normalized estimated cost equation to compare between systems, we considered a price average per capacity for batteries, PV arrays, pumps, UV lamps and pressurized tanks. We gathered prices for battery bank and PV array kits from an online solar equipment wholesaler to use as representative cost estimates for these system components [18] . Similarly, prices for single speed, constant pressure (variable speed) pumps, and UV lamps were gathered from an online rainwater harvesting equipment seller [19] . We normalized the prices by dividing the component cost by its capacity to obtain a Price-to-Capacity (PC) scaling factor for estimating system costs, as per Equation (15) below. In this analysis, the battery banks were scaled per kWh of capacity, the PV arrays by unit of average winter day kWh production, the pumps were scaled by rated maximum watts of power demand, UV lamps were scaled per GPM capacity, and the pressurized tanks were scaled by drawdown capacity. We took the average of these PC ratios for a variety of equipment to obtain a representative average estimate. Equation (15) below describes the PC factor for Battery Banks, PV arrays, Single Speed, Constant pressure pumps, UV Lamps and pressurized tanks:
When choosing batteries to include in Equation (15a), we only considered batteries with a minimum storage capacity of 2 kWh. We gathered prices for different lithium-ion batteries from the Wholesale Solar website [18] and used Equation (15a) to calculate a Price-to-Capacity scaling factor. See Table A6 in Appendix A for PC Batt avg calculation.
When choosing PV panels to include in Equation (15b), we only considered solar panels with a minimum power capacity of 1 kW. Using the PVWatt Calculator developed by N.R.E.L. (Golden, CO, USA) [20] , we determined that a 1 kW solar panel could successfully generate 3.03 kWh per day in December in Austin, TX, USA, which exceeds the maximum energy requirements for all four systems. We gathered prices for different PV panels at a minimum of 1 kW capacity from the Wholesale Solar website and used Equation (15b) to calculate a Price-to-Capacity scaling factor. See Table A7 in Appendix A for PC PV avg calculation.
When choosing pumps and UV lamps to include in Equations (15c)-(15e), we ensured that all items had the minimum flow rate capacity to handle their respective system demands. We gathered prices for different pumps (both single speed and variable speed) and UV lamps from the Rainwater Harvesting Supplies website [19] and used Equations (15c)-(15e) to calculate the Price-to-Capacity scaling factors. See Tables A8 and A9 in Appendix A for PC ss−pump avg , PC cp−pump avg and PC UV avg calculations.
For the PS systems, we found pressure tanks that were in the range of over 80 gallons of drawdown capacity [21, 22] , as the daily water volume requirement was 146 gallons for each home. The list price of the tank was multiplied by the number of tanks that would need to be purchased to store 146 gallons of pressurized water with the tanks in series. We then divided the total price of the tanks by the total capacity to calculate the Price to Capacity scaling factor for pressurized tanks. This PC factor was multiplied by the required volume of 146 gallons to get a dollar amount for the pressurized tanks. See Table A10 in Appendix A for PC tank calculations.
We found that prices for system components varied based on their respective capacities. We did, however, see a general trend of the greater the capacity, the lower the PC. Price, capacity and PC ranges can be seen in Table 10 below. To obtain a total system cost estimate (C tot system ), we multiplied the PC coefficients by the daily energy, peak pump power, and average flow rate values respectively to obtain a system value in dollars. We then multiplied these variables by an Oversize Factor (k OF ) to account for days of unexpectedly high use. We added the product of the average flow rate with the PC coefficient for the UV lamp and the storage requirements with the PC coefficient for the pressurized tank. The estimated cost of each system was calculated by:
The parameters for Equation (16) are defined in Table 11 below, along with their values and units. Using Equation (16) along with the values, we obtained from the energy and power analysis for each system and pricing information for battery banks, PV arrays, pumps, UV lamps and large pressurized tanks, we were able to come up with a table of estimated maximum prices per system, the results of which are shown below in Table 12 : Table 12 . Estimated Maximum Price per System using Equation (15) .
System
Max E daily (kWh) Using the OD-SS system as a base, as it is the most common system setup [2] , we then normalized these estimated prices to calculate a percentage to compare prices between systems based on their respective energy requirements. Table 13 below summarizes the percent differences between the baseline system capital cost and the other systems. 
Results and Discussion
System Energy Analysis
From our analysis, we found the OD-SS required the highest total daily energy requirement of 2.63 kWh/day. The OD-VS and the PS-AOT systems had similar maximum energy requirements of 1.65 and 1.69 kWh per day, respectively. The PS-TO system had the lowest daily energy requirements, ranging from 0.19 to 0.36 kWh per day based on assigned pumping time and pump size. See Figure 3 below.
Results and Discussion
System Energy Analysis
From our analysis, we found the OD-SS required the highest total daily energy requirement of 2.63 kWh/day. The OD-VS and the PS-AOT systems had similar maximum energy requirements of 1.65 and 1.69 kWh per day, respectively. The PS-TO system had the lowest daily energy requirements, ranging from 0.19 to 0.36 kWh per day based on assigned pumping time and pump size. See Figure 3 below. 
Empirical On-Demand System (OD-SS)
For the OD-SS system, we found the total daily energy requirement was 2.63 kWh, which is 60% more than that of the OD-VS system. The maximum power needed for the OD-SS system was 0.62 kW when only considering steady state power (startup power demand can spike 10-25% higher). We think these values are much more representative of the actual energy requirements for an on-demand system as it models the real-world dilemma of pump over-sizing. When purchasing a pump, one must size for a maximum flow rate in order to prevent pump failure. However, pumps are designed to perform at maximum efficiency when operating at higher flow rates. As seen from the Residential End Uses of Water 2016 data [7] , flow rates are relatively low compared to pump capacity. This over capacity of the pump results in more energy consumption because the excess pressurization is throttled at the tap (or other end-use), wasting much of the energy put into pressurizing the water.
Variable-Speed Pump On-Demand System (OD-VS)
We found the total daily energy requirement for the OD-VS system was 1.65 kWh per day, while the maximum power needed was 0.180 kW (when considering a peak flow rate of 4.5 GPM 
Empirical On-Demand System (OD-SS)
Variable-Speed Pump On-Demand System (OD-VS)
We found the total daily energy requirement for the OD-VS system was 1.65 kWh per day, while the maximum power needed was 0.180 kW (when considering a peak flow rate of 4.5 GPM [15] ). Our variable speed on-demand pump model was based on theoretical pump power equations, with flow rates averaged from the uses each hour, pressure drop simplified to a quadratic system curve, and efficiency coefficients made constant for simplification. This equation calculates the power needed to deliver water at the calculated flow rate and pressure drop, but it does not capture the potential inefficiencies of very low part-load operation nor the potential increase in power for delivering significantly higher volumes of water. These shortcomings in modeling pump performance have been identified by Ward in 2012 [6] and others, but this method is useful for providing a generalized order of magnitude estimate for the power demand and energy consumption for an on-demand variable speed system. Keeping these simplifications in mind, we still estimate that there could be significant energy savings by using a variable speed pump instead of a single speed pump for residential rainwater systems.
Pressurized Storage, UV On-Demand Treatment System (PS-AOT)
For the PS-AOT system, we found the daily energy required for small, medium, and large sized pumps ranged from 1.67 to 1.69 kWh. The main power consumer in this system is the UV lamp, requiring 1.55 kWh of energy per day. Conversely, the energy required for pumping was only 0.12-0.14 kWh per day. The pump power requirements for this system ranged from 0.03 to 0.19 kW depending on the designated flow rate and pump size. We can see in this system that while there are savings from operating a smaller pump for a longer period of time (thus reducing frictional pressure drop), these relative savings are dwarfed by the energy needs of the always-on treatment system. The relative differences between the larger, faster pump and the smaller, slower pump are system-dependent, and there could be no savings from the smaller pump if the system is static pressure dominated.
Pressurized Storage, UV Once a Day Treatment (PS-TO)
For the PS-TO system, we found that the total energy requirements varied by assigned treatment time and pump size (0.19-0.36 kWh for treatment times between 0.75 and 4 h). Interestingly, in this system configuration, the scenario with the small pump consumes the most energy because the longer fill duration means the UV lamp is on for hours longer, which swamps the lower pumping energy savings. We see significant energy savings for the largest pump size, despite higher pumping energy, due to the shorter time-period that the UV lamp is in operation. When comparing the PS-TO system to the PS-AOT, we see significant energy savings across the board due to only operating the UV lamp while pumping the water into the pressurized tank.
It should be noted that treating water before storing it comes with a risk of contamination. If the tank is not emptied completely on a regular basis, residual water that was treated days before could remain in the tank, allowing residual biologic contaminants to slowly build to a level that is no longer safe for consumption. This risk of contamination is why RWH systems typically position the UV treatment last in the assembly before delivery to a house plumbing [2] . It should also be noted that UV lamps have a "warm up time" before they reach full treatment capacity. Therefore, using this configuration on its own, without a means to properly periodically flush the pressure tank, and/or without a secondary residual treatment system (e.g., chlorine or ozone), should be limited to applications where non-potable water is suitable.
Power and Energy Storage Requirements between Systems
Comparing these four system configurations, we can see a significant difference in PV capacity and battery storage requirements between systems. The OD-SS system has a maximum power requirement of 0.62 kW and to run this system at night requires a minimum battery storage of 1.65 kWh per day. In comparison, the OD-VS system requires a maximum power of 0.18 kW and to run this system at night requires a minimum of 1.07 kWh of battery storage.
By comparison, the PS-AOT and the PS-TO models both have a maximum power requirement of 0.25 kW. The PS-AOT system requires a battery storage of 1.01 kWh per day to power the UV lamp at night, whereas the PS-TO system does not require any additional battery storage as both pumping and treatment occur during daylight hours using solar energy. See , and the PS-TO is the lowest (0 kWh). We see the battery storage requirements for the OD-SS, OD-VS and PS-AOT systems are relatively similar due to the UV Lamp energy being the main driver for this storage energy.
Overall, these results show that the battery storage requirements for the OD-SS system is the highest due to the combined energy needed to run an over-sized pump and treat water on demand. The OD-VS and PS-AOT systems' battery storage requirements are relatively similar due to the UV lamp energy being the main driver for energy consumption in both scenarios.
System Cost Analysis
From our analysis, the OD-SS system is the most expensive. We believe that this is due to the extra energy requirements of a single speed, oversized pump that operates at a higher energy capacity than necessary. We can see the OD-VS and the PS-AOT systems are similar in price range, despite having different system configurations. The PS-AOT system requires pressurized tanks, in lamp at night, whereas the PS-TO system does not require any additional battery storage as both pumping and treatment occur during daylight hours using solar energy. See Overall, these results show that the battery storage requirements for the OD-SS system is the highest due to the combined energy needed to run an over-sized pump and treat water on demand. The OD-VS and PS-AOT systems' battery storage requirements are relatively similar due to the UV lamp energy being the main driver for energy consumption in both scenarios.
From our analysis, the OD-SS system is the most expensive. We believe that this is due to the extra energy requirements of a single speed, oversized pump that operates at a higher energy capacity than necessary. We can see the OD-VS and the PS-AOT systems are similar in price range, despite having different system configurations. The PS-AOT system requires pressurized tanks, in Figure 5 . This figure shows the OD-SS model requires the highest amount of battery storage (1.65 kWh), and the PS-TO is the lowest (0 kWh). We see the battery storage requirements for the OD-SS, OD-VS and PS-AOT systems are relatively similar due to the UV Lamp energy being the main driver for this storage energy.
From our analysis, the OD-SS system is the most expensive. We believe that this is due to the extra energy requirements of a single speed, oversized pump that operates at a higher energy capacity than necessary. We can see the OD-VS and the PS-AOT systems are similar in price range, despite having different system configurations. The PS-AOT system requires pressurized tanks, in the 100+ gallon capacity range, mostly accounting for the difference in price between the OD-VS and the PS-AOT systems.
From our analysis, the least expensive system is the PS-TO system. This system saves a lot of energy because water is only pumped and treated once per day, removing the necessity for battery storage all together. In addition, because water is pumped once per day, at a designated flow rate, a single speed appropriately sized pump can be used, significantly reducing costs.
Comparing these systems via our analysis, we can see the biggest driver for cost is the amount of PV energy and battery storage required for each system. In fact, battery storage alone makes up for 39% of the OD-SS system's cost requirements, 42% of the OD-VS system's cost requirements, and 30% of the PS-AOT system's cost requirements. The extra cost of the large pressurized tank for the PS systems seemed to affect total cost the least. This being said, systems with lower energy demand can significantly reduce costs by reducing the need for large PV arrays and battery storage.
The best value system, by far, is the PS-TO system, because of its very low energy requirements. Because this system has a set flow rate chosen by the operator, a significantly smaller (and less expensive) single speed pump can be used. In addition, the PV array can be sized appropriately (only providing power for items actively in use), which significantly reduces cost.
Although the PS-TO system is the most energy and cost effective of the four systems, there is always a risk of contamination with stored water as discussed above. For this reason, we recommend adding a secondary treatment directly before consumption (such as chlorine, reverse osmosis, etc.)
It should be noted that the above cost analyses only consider the prices based on energy, power and flow rate capacities. When pricing out a system, it is very unlikely that items such as battery banks, PV arrays and UV lamps will be available at the exact capacities described in this analysis. Due to market demand, additional costs should be anticipated for battery banks, PV arrays and UV lamps at higher than necessary capacities. However, the purpose of this analysis was not to provide comprehensive system cost estimates, but rather to analyze the relative differences in cost between these system configurations to get an understanding of the underlying driving factors.
Additionally, it also should be noted that this analysis only considers upfront capital costs. Further analysis would need to be conducted to investigate the additional operational and maintenance costs of replacing pumps, batteries, PV arrays and tanks as they degrade over time. This analysis does not consider the long-term loss in energy efficiency due to battery life cycles and solar panel degradation. The more the battery and solar panel are used, the less life cycles remain, contributing to loss in efficiency. Further analysis would need to be conducted to see how great of a contributor this loss in efficiency would be.
This analysis only considers costs for the energy consuming components of a rainwater harvesting system for the purpose of comparing costs between system types. Further analysis would need to be conducted to estimate costs of cisterns, filters, pipes, etc. that are also required components of any complete rainwater harvesting system [2] .
For safety, we recommend having the ability to create an On-Demand treatment and delivery system in case more water is consumed than was treated and stored. In addition, homes should always have access to municipal water supply in case of malfunction, water contamination or water shortages.
Conclusions and Future Work
The purpose of this paper was to model the energy requirements of four different configurations for rainwater harvesting systems and to compare these systems by total energy requirements and relative costs. We aimed to answer the question: Can energy be saved by utlizing variable speed pumps or pressurized storage tanks? In addition-Does altering the system configuration lower the overall cost of the system?
We found that the most traditional configuration of the OD-SS system was in fact the most energy intensive and most expensive system setup. Our analysis showed that this is due to oversizing the pump and to powering a UV lamp 24 h a day. We found that energy and money could be saved by using a variable speed pump for on-demand systems, or by storing a day's worth of water and replacing an on-demand pump with a large pressurized tank. Our analysis also showed that the UV lamp's energy consumption was non-trivial, and only turning it on when in use significantly lowered the energy requirements of the system. From our cost analysis, we found the most expensive components of the system to be the PV array size and battery storage requirements to meet the system's energy needs. We found the most energy efficient and least expensive setup to be the PS-TO system, due to its very low energy demand.
As with any model, it is always best legitimized by predicting results from empirical data. For this project, obtaining relevant power and energy data for a potable residential RWH system was challenging. For our future work, we plan to monitor an active RWH system to gather empirical data on the power requirements to pump, treat, and deliver water based on the system configurations discussed in this paper. With this data, we will be able to directly compare our model to see where adjustments need to be made.
An important consideration for any type of water storage is the quality of the water after it has been stored for a period of time. Upon building a small-scale PS system, we plan to test the quality of the water exiting the system over a long-term test (6-12 months) to evaluate how the system water quality might change over time.
The less water consumed, the more potential energy savings from lowering the demand for pumping and treating water. Incorporating grey water usage for toilets and clothes-washers could potentially dramatically lower the power requirements of the system due to working with lower volumes. In future analysis, we plan to include grey-water use in the model by eliminating toilet and clothes-washer events.
This study will soon feature an online visualizer to show water consumption by hour for all homes in the Residential End Uses of Water study of 2016. It will feature filters to view data based on end use (toilet, shower, irrigation, etc.), region of the country, month of the year, and weekday vs. weekend water consumption. This module is being developed in Python using a Bokeh visualizer. This study will also feature an online calculator to assist with sizing custom systems. It will contain inputs for anticipated volume of daily water consumption, water use schedules, pressure head, UV lamp wattage and more. Once a system size has been selected, the module will guide you through how large of a pump, solar array, and battery you will need to run the system. The calculator will also include power and water savings by incorporating grey water use for toilets, clothes washers and irrigation. 
